We measured gas exchange and various leaf parameters of ash (Fraxinus angustifolia Vahl.) and oak (Quercus robur L.) in the high canopy and of lime (Tilia cordata Mill.) in the lower canopy of a planted, 120-year-old floodplain forest in southern Moravia, Czech Republic. The high-canopy leaves of F. angustifolia and Q. robur had nitrogen concentrations on a leaf area basis (N area ) that were twice those of low-canopy leaves of T. cordata. Upper-canopy leaves of F. angustifolia had a photosynthetic rate at light saturation (A max ) of about 16 µmol CO 2 m -2 s -1 , whereas A max of the upper-canopy foliage of Q. robur achieved only about two thirds of this value. Contrary to previous investigations of photosynthetic performance in monospecific stands, leaves of the uppermost branches of T. cordata at 15-m height had the highest A max and transpiration rate among the species studied. Water-use efficiency (WUE) was low in T. cordata at 15-m canopy height, whereas WUE was significantly higher for Q. robur leaves at 27-m height than for the other species. Leaves of T. cordata at 15-m height showed the strongest relationship between A max and N area (R 2 = 0.90) followed by F. angustifolia (R 2 = 0.69). The strong correlation between photosynthesis and nitrogen concentration in T. cordata at 15 m, together with the steep regression slope for the A max :N area relationship, indicated that nitrogen allocation to the photosynthetic apparatus resulted in high nitrogen-use efficiency of light-saturated photosynthesis (PNUE). Despite differences in PNUE among species, PNUE was fairly constant for leaves sampled from the same canopy position, suggesting that single-leaf parameters are matched to optimize PNUE for prevailing light conditions. High PNUE in T. cordata at 15 m partially compensated for the species' subordinate position in the canopy, and may be an important mechanism for its coexistenceinhighlystructuredvegetation.
Introduction
In complex forest vegetation, the partitioning of solar radiation intercepted along the vertical canopy gradient is reflected by changes in several leaf morphological and ecophysiological parameters (Eliáš et al. 1989 , Ellsworth and Reich 1993 , Niinemets 1997 , Èermák 1998 . Increases in irradiance result in a linear increase in leaf mass per unit leaf area (LMA) (Oren et al. 1986 , Ellsworth and Reich 1993 , Niinemets 1997 , Èermák 1998 , Kazda et al. 1999 and are often also positively correlated with photosynthetic capacity per unit leaf area (Oren et al. 1986 , Ellsworth and Reich 1993 , Reich et al. 1995 , Poorter and Evans 1998 . Within the plant canopy, optimization of leaf nitrogen distribution can be expected to maximize whole-canopy photosynthesis Reich 1993, Hollinger 1996) . This can be achieved through increased nitrogen concentration in shade conditions Reich 1993, Niinemets 1995) , where up to 75% of nitrogen can be associated with the photosynthetic apparatus (Evans 1989) , allowing efficient light harvesting in a low-light environment.
Within a multi-species canopy, species may differ in acclimation to the prevailing light environment. Hirose and Werger (1994) , who studied the relationship between nitrogen and photosynthetic capacity (Amax) among herbaceous species in a Phragmitetum canopy, found that the tall species, Phragmites and Juncus, had the highest Amax and Narea. The subordinate species, though low in Narea, exhibited the highest photosynthetic nitrogen-use efficiency (PNUE), which can compensate for low radiation input. Possible reasons for high PNUE in species with low LMA have been discussed by Poorter and Evans (1998) . High investment in thylakoid N per unit leaf mass and amount of Rubisco were identified as the most important mechanisms for efficient nitrogen partitioning. Because different nitrogen allocation patterns can be expected in vertically structured herbaceous (Hirose and Werger 1994) and forest Reich 1993, Niinemets et al. 1998) canopies, the relationship between nitrogen allocation and photosynthetic performance is important for understanding the coexistence of species in complex vegetation formations.
In a floodplain forest in southern Moravia, Èermák (1998) found an exponential relationship between LMA and tree height that corresponded with an exponential decrease in irradiance within the canopy. Within this vertical canopy pro-file, the major tree species Quercus robur L., Fraxinus excelsior L./F. angustifolia Vahl. and Tilia cordata Mill. differed in leaf area density expressed as foliage area per unit crown volume. Quercus and Fraxinus occupied the space between 20 and 30 m in canopy height, and Tilia was mainly present up to 20 m. We hypothesized that different characteristics of the photosynthetic apparatus enable these species to coexist along the light gradient. The present investigation was designed to study leaf gas exchange characteristics of these tree species to assess the vertical distribution of leaf parameters, nitrogen nutrition and photosynthetic capacity.
Material and methods

Site description
The study was performed in the floodplain forest on the alluvium of the Dyje River at an elevation of 160 m (48°48′22′′ N, 16°46′32′′ E), belonging to the forest district "Horni les" of the Czech National Forest. The site, which was used for a comprehensive Man and Biosphere project (Penka et al. 1985 (Penka et al. , 1991 , has a 40-m steel tower with platforms every 3 m. Because of the age of the tower, it has become integrated into the forest, which has been unmanaged for the last 30 years. The tower allowed direct access to branches of oaks (Quercus robur) at two heights, to an ash tree (Fraxinus angustifolia) that had overgrown the surrounding oaks, and to a lime tree (Tilia cordata) that was about 18 m tall.
These large forest areas, which are periodically flooded by the Dyje River, were planted with oak (Quercus robur) in 1880. During stand development, ash (Fraxinus excelsior and F. angustifolia) has overgrown the oak in several parts of the forest, and lime trees (Tilia cordata) have also sporadically reached the upper canopy. The forest site was classified as a Ulmeto-Fraxinetum carpineum according to Zlatnik (1976) , or as a moist ash floodplain forest according to the classification of the National Forest Management Institute (Pliva 1984) . Today, it consists (by timber volume) of 78% oak, 18% ash, 3% lime and 1% other tree species such as Ulmus carpinifolia Gled., Acer campestre L. and Prunus avium L. Mean canopy height is 27 m, with some dominant ash trees reaching heights over 30 m. Detailed biometric data, including density and basal area distribution, were given by Vyskot (1976) and reexamined by Èermák (1998) . In the shrub layer, where regeneration of the tree species is sparse, Cornus sanguinea L., Crataegus sp. and Sambucus nigra L. are common. The ground vegetation comprises mainly Urtica dioica L., Rubus caesius L., Dactylis polygama Horvátovszky, Viola sylvestris Lam. em. Rchb. and Glechoma hederacea L. species, indicative of the excellent nutrient supply of the floodplain ecosystem. Nomenclature of the species follows Schmeil et al. (1988) .
The soil is classified as brown alluvial soil (Saly 1978 ) with a 1-to 3-m thick heavy alluvial deposition layer over mostly well-drained, sandy-gravel subsoil derived from Pleistocene and Holocene deposits of the nearby river (Lozek 1973) . The ground water input to the area supplies the vegetation with additional water. Mean annual precipitation is about 500 mm and mean annual temperature is 9.0 °C.
Data collection and analysis
Measurements were performed between August 26 and September 5, 1996, after a preliminary study in July 1996. Because the gas exchange data did not differ significantly between the two occasions, we have included only the data from late summer.
Photon flux density (PFD) in the vertical canopy profile was assessed continuously with LI 190 SZ quantum sensors (LiCor Inc., Lincoln, NE) on horizontal jibs attached to the tower every 3 m from 6 to 27 m above ground. Additional quantum sensors were placed on the ground in the vicinity of the tower and at the top of the tower at 40-m height. The sensors were connected to two Delta-T loggers (Burwell, Cambridge, U.K.) with a data sampling interval of 1 min. Relative PFD was calculated by dividing the value at the particular canopy height by the corresponding value above the canopy.
Additional information on canopy characteristics was obtained from optical measurement of vertical leaf area index (LAI) distribution with a Li-Cor LAI-2000. The LAI was measured with half of the sensor covered by a 180°cap, to prevent the tower construction from interfering with the readings. This was done on every tower platform in four directions and the mean of the four measurements is presented.
Photosynthetic measurements were performed daily from early morning to 1100 h to avoid reductions in photosynthesis caused by midday depression in stomatal conductance. Air temperatures ranged between 11.3 and 24.8°C. It was assumed that photosynthesis was not limited by soil water availability in this floodplain forest. Leaf-level gas exchange measurements were made with a Li-Cor LI-6400 H2O/CO2 porometer with an integrated LED light source above the leaf chamber on nine marked leaves of branches close to the tower. Photosynthetic light response curves were measured at photon flux densities of 0, 50, 150, 450, 900 and 1500 µmol m -2 s -1 at heights above ground of 30 m (F. angustifolia), 24 and 27 m (Q. robur) and 6 and 15 m (T. cordata). Additional young trees ≤ 50 cm in height were selected for measurement in the vicinity of the tower. Gas exchange measurements were made at ambient CO2 concentration and a mixing vessel of 2.5-dm 3 volume was placed in series with the leaf chamber to avoid rapid changes in CO2 concentration. The CO 2 concentration was between 350 and 360 µmol mol -1 in the canopy, but for the juvenile plants on the forest floor, CO2 concentrations of 380-390 µmol mol -1 were recorded. Gas exchange data were recorded after the coefficient of variation of ∆CO2 concentration (measurement gas minus reference gas) had attained a value below 3%. Conditions in the leaf chamber were standardized by setting the temperature to 20°C, thus keeping the leaf temperature between 19 and 21°C. Because measurements were performed in the morning, the water vapor pressure deficit (VPD) of air entering the leaf chamber did not exceed 0.8 kPa, even in the upper canopy. If high air humidity occurred in the early morning, the air was adjusted to between 0.5 and 0.8 kPa, by passing part of the air through desiccant. Transpiration and light-saturated photosynthesis (Amax) were measured at 1500 µmol m -2 s -1 . After the gas exchange measurements, leaves were scanned with a Logitech Scanman hand scanner (Logitech Corp., Fremont, CA). Images were converted to leaf areas (LA) using the Delta-T Scan analytical software. Leaf dry weights (LDW) were determined after drying at 60°C for 48 h. Dried samples were homogenized to powder and nitrogen was analyzed by a micro-Kjeldahl method. Photosynthetic nitrogen-use efficiency (PNUE) was calculated as Amax/Nmass(LDW/LA). Data were evaluated by one-way ANOVA, followed by Tukey HSD comparison of the means at the 5% confidence level. Relationships between LMA, nitrogen and photosynthetic parameters were examined by multiple regression analysis. Analyses were performed with Statistica 5.1 software (StatSoft Inc., Tulsa, OK).
Results
Leaf characteristics
Estimated total LAI of the forest (without shrub and herb layers) was 4.9. In the vertical profile, the bulk of the leaf area (2.9) was located above a canopy height of 21 m. From the canopy top to 12 m above ground, LAI was 4.0 ( Figure 1 ). Photosynthetic active radiation declined sharply with height in the uppermost layer of the canopy (Figure 1 ). The mean daily standard deviation of relative PFD indicated that the light environment in the lower canopy was relatively stable, with only minor differences below 21 m. Based on the distributions of LAI and relative PFD, it is apparent that only the uppermost canopy leaves of F. angustifolia received full sunlight. Quercus robur leaves at a canopy height of 24 m received a mean irradiance less than 20% of full sunlight.
Mean leaf area increased with decreasing canopy height for Q. robur and T. cordata. Leaf mass per unit area (LMA) showed no significant differences between the high-canopy species (Table 1) . Leaves of T. cordata had low LMA values at canopy heights of both 15 and 6 m. The LMA declined further in juvenile plants of all species on the forest floor ( Figure  2a ). Leaf nitrogen concentration on a dry matter basis (Nmass) was irregularly distributed along the vertical canopy profile (Figure 2b) . Leaves of F. angustifolia at 30-m canopy height contained significantly more Nmass than leaves of Q. robur at 27-m canopy height. However, Q. robur leaves at 27 and 24 m had significantly less Nmass than T. cordata leaves (Table 1) . Area-based leaf nitrogen concentrations (Narea) separated the leaves into three groups ( Figure 2c ): (1) the high-canopy species, F. angustifolia and Q. robur, had the highest Narea; (2) T. cordata at 15-and 6-m canopy height had intermediate values of Narea; and (3) the lowest N area was found in young plants growing on the forest floor.
There was a close relationship between Narea and LMA (Narea = 0.175 + 0.025LMA; r 2 = 0.92, P < 0.001). Figure 3 distinguished two groups of leaves based on the LMA:Narea relationship: one group comprised all F. angustifolia leaves and the upper-canopy leaves of Q. robur, and the second group comprised all other measured leaves including T. cordata at 15-m canopy height. No differences between species were found within either group. Interestingly, the leaves of Q. robur at a canopy height of 27 m partly fell below the regression line, indicating that, for a given ratio between LMA and N area , Q. robur leaves at this canopy position had a lower Narea concentration.
Gas exchange characteristics
Light-saturated photosynthesis was highest in T. cordata leaves at 15-m canopy height (A max = 21.0 µmol CO 2 m -2 s -1 ), followed by F. angustifolia leaves at 30 m ( Figure 4a , Table  1 ). No differences in mean A max were found between Q. robur leaves at 24 and 27 m. Among the species, potential carbon gain was lowest for T. cordata at 6-m height and for plants on the forest floor. Intercellular CO 2 concentration (C i ) decreased along the vertical canopy profile from plants on the forest floor and T. cordata toward Q. robur leaves at 24-and 27-m height, and then increased in F. angustifolia leaves at 30 m (Figure 4b) . High C i values for plants on the forest floor resulted from the higher ambient CO 2 concentrations close to the ground.
The highest mean transpiration rate at Amax was found for leaves of T. cordata at 15 m (E = 3.48 mmol m -2 s -1 ), followed by F. angustifolia leaves at 30 m (E = 2.16 mmol m -2 s -1 ). These transpiration rates were significantly higher than for Q. robur leaves at 24 and 27 m and for T. cordata leaves at 6 m (Table 1) . Stomatal conductance across the canopy profile ( Figure 5a ) showed a similar pattern to transpiration rate. Tilia cordata leaves at a canopy height of 15 m had significantly higher conductance values compared with the other species ( Table 1) . The low transpiration rate of Q. robur leaves resulted in high water-use efficiency (WUE), especially for leaves at 27-m canopy height (Figure 5b) . Fraxinus angustifolia and Q. robur leaves at 24-m canopy height had a signifi- cantly higher WUE than leaves in the lower canopy. Tilia cordata leaves realized their maximum carbon gain at high transpiration costs.
Photosynthesis and nitrogen
For T. cordata at 15 m, there was a strong correlation between photosynthesis per unit leaf mass (A mass ) and N mass (A mass = -0.13 + 0.026N mass , r 2 = 0.81, P < 0.001; Figure 6a ). For the other leaves measured, the correlation was significant but the slope and coefficients of determination were lower (A mass = -0.06 + 0.007N mass , r 2 = 0.17, P < 0.01). There was a significant relationship between A max and LMA for F. angustifolia (r 2 = 0.76, P < 0.01) and T. cordata at 15 m (r 2 = 0.52, P < 0.05), but not for Q. robur (r 2 = 0.18, P > 0.25 for 27 m; r 2 = 0.29, P > 0.20 for 24 m) (Figure 6b ). The relationship was absent in juvenile plants. Parameters A max and N area were closely correlated in F. angustifolia leaves at 30-m canopy height (r 2 = 0.69; A max = 2.34 + 6.8 N area ; P < 0.01) (Figure 6c) . Within the high-canopy species, F. angustifolia achieved higher carbon gain than Q. robur at similar N area (cf. Table 1 ). In Q. robur leaves, the correlation between A max and N area was not significant (r 2 = 0.15, P > 0.30 and r 2 = 0.26, P > 0.20 at 27 and 24 m, respectively). Leaves of T. cordata at 15-m canopy height showed a strong correlation between A max and N area at relatively low N area values (r 2 = 0.90; A max = -1.83 + 23.3N area ; P < 0.001), and a significantly steeper regression slope compared with that for leaves of F. angustifolia. High A max at low N area resulted in high photosynthetic nitrogen-use efficiency (PNUE) for T. cordata leaves at 15-m canopy height.
Although high-canopy species had similar Narea, PNUE was significantly higher in F. angustifolia than in Q. robur (Table 1, Figure 7) . Among the trees with low Narea growing in low light, PNUE varied by a factor of four, with the highest values for T. cordata at 15-m canopy height. The PNUE of T. cordata leaves at 6-m canopy height was not significantly different from that of plants of other species on the forest floor. There was a constancy of PNUE for a given canopy position and species. The coefficients of variation of the four parameters used to calculate PNUE (i.e., leaf area, leaf dry mass, Nmass and A max ) often varied more than PNUE. The variability in PNUE was especially low for T. cordata leaves at 15-m canopy height (Table 2) .
Discussion
Leaf characteristics
Our leaf area measurements agreed well with data reported by Èermák (1998) , who also estimated an LAI of 4.9 for the same forest stand. High LAI in the upper canopy led to pronounced light attenuation there. The sharp decline in relative irradiance in the upper canopy was reflected by a reduction in LMA of Q. robur leaves between canopy heights of 27 and 24 m, although the difference was not significant. Despite the decline in LMA with decreasing irradiance, leaves of Quercus robur and Q. petraea (Matt.) Liebl. had consistently higher LMA than the more shade-tolerant species Acer platanoides L. (Niinemets 1997) , A. pseudoplatanus L. and Fagus sylvatica L. (Kazda et al. 1999) , growing along a large irradiance gradient.
Good nutrient supply in the floodplain forest was reflected in a relatively high Nmass, especially in T. cordata leaves. Upper-canopy leaves had the highest Narea because of their high LMA. The relationship between LMA and Narea was strong (r 2 = 0.92). In Quercus, high LMA compensated for low Nmass and led to a high Narea (Table 1) . High Narea in Fraxinus leaves at 30 m and Quercus leaves at 27 and 24 m paralleled the high photosynthetic performance of these canopy strata (Field and Mooney 1986 , Oren et al. 1986 , Ellsworth and Liu 1994 , Reich et al. 1995 .
Gas exchange characteristics
In agreement with previous investigations of photosynthetic capacity along vertical canopy profiles (Starzecki 1975 , Oren et al. 1986 , Ellsworth and Reich 1993 , Hollinger 1996 , we found that A max increased with increasing canopy height (Figure 4a) . Leaves on the uppermost branches of T. cordata at 15-m represented the major exception. Thus, T. cordata leaves had the highest light-saturated 1032 KAZDA, SALZER AND REITER TREE PHYSIOLOGY VOLUME 20, 2000 Figures 2 and 3) . At 15 m, T. cordata leaves also had the highest stomatal conductance (g) and highest transpiration rates of the leaves measured (Table 1). Starzecki (1975) opy may decrease conductance and thus limit photosynthetic capacity, as postulated from δ 13 C investigations along a deciduous canopy profile in Japan (Hanba et al. 1997) , we conclude that the differences between Q. robur and F. angustifolia in Amax, g and Ci were species-specific (cf. Field et al. 1983 ) and were not caused by water stress. This conclusion is based on the relatively high Amax values for both species, the similar g values for species on the ground and up to a canopy height of 27 m in Q. robur, and the high g in F. angustifolia leaves at the canopy top (Figure 5a ). Also, Ci increased from Q. robur at 24-m height to F. angustifolia at 30-m height (Table 1, Figure 4b) . Additional support for our conclusion is provided by the data in Figure 1 . Incoming light declined from less than 40% of full sunlight for Q. robur leaves at 27 m to below 20% of full sunlight at 24 m (Figure 1) . Thus, water stress associated with high radiation load was unlikely to have occurred in this part of the canopy during the morning measurements. Furthermore, xylem sap flow measurements on the same trees did not show any obvious limitation to water supply during the measurement period (J. Èermák, Mendel University of Agriculture and Forestry, Brno, Czech Republic, personal communication).
Photosynthesis and nitrogen
According to Evans (1989) and Poorter and Evans (1998) , the regression slope and the strength of the relationship between photosynthesis and nitrogen describe the allocation of nitrogen to different processes within the photosynthetic apparatus. A good correlation was found between A mass and N mass for leaves of T. cordata at 15-m canopy height, but the correlation was weak for leaves from other canopy positions (Figure 6a followed by that for F. angustifolia. The regression slope for T. cordata (23.3) was significantly higher than for F. angustifolia (6.8), whereas the intercept term was not significantly different from zero in either case. In a comprehensive examination of regression equations for the A max :N area relationships for Acer saccharum Marsh., Ellsworth and Reich (1993) found that the regression slopes varied between 5 and 6 with positive or negative intercept terms. Pooling the data for Q. robur leaves at 24 and 27 m yielded a regression slope for the A max :N area relationship of 3.2 (P < 0.10), indicating a relatively low allocation of nitrogen to photosynthesis. The high LMA of Q. robur leaves at 24 and 27 m (cf. Figure 3 ) may negatively influence the A max :N area relationship (Peterson et al. 1999) by shifting nitrogen allocation from photosynthetic to non-photosynthetic compounds (Evans 1989) and by increasing the internal diffusion resistance (Parkhurst 1994) . Hollinger (1996) found that the vertical distribution of nitrogen does not follow light attenuation in the canopy in a manner that maximizes carbon gain in the uppermost canopy. In lower-canopy leaves, acclimation of the photosynthetic apparatus shifts the relative importance from carbon fixation to light harvesting (Evans 1989 , Ellsworth and Reich 1993 ). In T. cordata at 15-m canopy height, both allocation processes were in balance and most of the leaf nitrogen was dedicated to photosynthesis at low LMA, as shown by the high correlation coefficients between nitrogen and photosynthesis. This resulted in high Amax and PNUE. Kull and Niinemets (1998) and Niinemets et al. (1998) found lower carbon assimilation potential and stomatal conductance in T. cordata compared with Populus tremula L. and Corylus avelana L. The difference between T. cordata performance in their study on podsolic sandy loam and our study in the nutrient-rich floodplain forest can be explained by the difference in mean leaf nitrogen concentration, which was 23.8 mg g -1 in the Estonian study ) and 33.2 mg g -1 in our study. Despite differences in PNUE among species, PNUE was fairly constant for leaves sampled from the same canopy position ( Table 2 ), indicating that single-leaf parameters, e.g., leaf dry weight and area, nitrogen concentration, and photosynthetic capacity, are matched to optimize PNUE for prevailing light conditions. The effect of canopy position on the distribution of data points within the relationship between Narea and PNUE ( Figure 7 ) was similar to that found by Hirose and Werger (1994) . Within the upper canopy, PNUE variabil- ity between species was small, though significant. Large differences in PNUE have been observed in subordinate species in a wet meadow herbaceous community (Hirose and Werger 1994) and in a 30-m tall forest stand (this study). In these two systems, Hydrocotyle vulgaris L. (herbaceous community) and Tilia cordata (forest) had maximum PNUE values of about 300 µmol CO2 mol N -1 s -1 , up to three times higher than those of other species in the low-light environment. Optimization of nitrogen allocation in these subordinate species, together with efficient light capture per unit biomass (Hirose and Werger 1995) , partially compensated for the low irradiance and may be an important mechanism for the coexistence of species in highly structured vegetation.
High assimilation and high PNUE in T. cordata in the middle canopy at 15 m was counterbalanced by a low WUE. In contrast, Q. robur had a low PNUE but a high WUE, corroborating the negative correlation between PNUE and WUE found across species by Field et al. (1983) and DeLucia and Schlesinger (1991 leaves, this adaptation to low water availability might not be the most important factor in the competition for resources in this floodplain forest. The high PNUE of F. angustifolia and T. cordata and the generally good nutrient and water supply in the floodplain forest may explain why these two species were able to establish and partially overgrow the planted Q. robur trees.
Conclusions
Nitrogen-use efficiency varied substantially among species and may contribute to long-term differentiation of the forest. In parts of the forest where T. cordata reaches canopy positions with high radiation input (Èermák 1998) 
